Predicted water shortages assign water treatment a leading role in improving water resources management. One of the main challenges associated with the processes remains early stage design of techno-economically optimised purification. This work addresses the current gap by undertaking a whole-system approach of flowsheet synthesis for the production of water at desired purity at minimum overall cost. The optimisation problem was formulated as a mixed integer non-linear programming (MINLP) model. Two case studies were presented which incorporated the most common commercial technologies and the major pollution indicators, such as chemical oxygen demand (COD), dissolved organic carbon (DOC), total suspended solids (TSS) and total dissolved solids (TDS).
Introduction
Efficient water treatment is recognised as a major solution to the arising burdens on world water resources [1] [2] [3] [4] . However, the process still faces challenges such as producing satisfactorily safe and affordable water [5, 6] . Examination of the economically viable purification paths at early design stage can address those challenges [7] . Therefore, The present work addresses the gap by presenting a systematic approach for the design of water treatment processes, with a particular focus on surface water and advanced wastewater treatment, and brackish and seawater desalination. The problem is formulated as a mixed integer non-linear programming (MINLP) model. The rest of the paper is organised as follows: Section 2 outlines the scope of the problem, followed by the presentation of the mathematical model in Section 3. Next, two theoretical case studies, together with results, computational performance and discussion, are presented in Section 4. Finally, the main conclusions are drawn and further work directions are suggested in Section 5.
Problem statement
The aim of the current work is to develop a methodology for the generation of a combination of technologies and number of passes that result in the most economically and UF remove the suspended solids, whereas NF removes the dissolved solids, and RO removes both, dissolved solids and boron. It is assumed that organic matter can be removed by conventional treatment such as CF, smaller pore -size low filtration membranes, such as UF, and larger pore-size high pressure membrane, such as NF. MMF does not exhibit a molecular weight cut-off for organics, and irreversible fouling is observed on RO membranes, hence, not used for that particular application.
(insert Fig.1 ) General heuristics that apply to process synthesis advise removal of unstable materials early, separate most abundant components at first and leave the sturdiest operation for last [46] . In this case, suspended solids can be exposed to shear stresses, break up and consequently, clog the equipment which justifies its removal at first. TDS is the most plentiful contaminant and boron is difficult to separate from water, which assigns them a second and third place in the separation sequence, respectively. Filtration processes units decrease in their molecular weight cut-off, or pore size, from left to right in the above figure in order to prevent fouling.
Having defined the separation requirements, the sequence of the technology candidates in the model is pre-fixed. A candidate, however, can be either selected or bypassed. In the majority of cases, coagulation-flocculation requires a clarification process downstream. Two clarification options are provided, SED and DAF, represented by the collective name CLR. If any of those two processes is selected, a clarification process is selected, too. Whenever a clarification process is chosen, the selection of CF is mandatory. On its own, CF can be selected if the separation is efficient enough. In the current work, the filtration processes are allowed to exist in the flowsheet sequentially, although it is possible to restrict the problem to the selection of one low pressure membrane process, i.e. MF or UF, and one high pressure membrane process, i.e. NF and RO. The decision whether a pass from a technology is singled out or not is represented by one binary variable and as many passes as desired can be assigned to a technology.
The selection of the technologies is based on meeting the regulatory requirements for water plant effluent [47, 48] and minimising the water net cost, expressed in $/m³. For modelling purposes, the following simplifications and assumptions were made:
 rejection coefficients and recoveries are the major technological performance criteria;
 modified regression models return a reliable estimation for the rejection coefficients;  TDS, TSS and boron are the only contaminant indicators in seawater source whereas COD, DOC, TDS and TSS are the contaminants assumed to be present in secondary wastewater effluent;
 the removal of a non-targeted group of contaminants from a particular technology is considered insignificant;  the selection of initial removal grids and intake screens are not taken into account in design;
 complete recovery of microfiltration and ultrafiltration filters;  no fouling and flux decrease take place and therefore, the observed phenomena as a result of those do not apply;  no system pressure losses;  replacement and cleaning costing for RO is assumed to apply for MF, UF and NF;
 there are 65 days allocated for major maintenance, i.e. plant shut down;  social, political and geographical dimensions are excluded from the cost model;  annual water production and operating expenses remain the same throughout the plant's commercial lifespan;  no government incentives for the construction and commission of the water treatment facilities is considered;
The overall optimisation problem is stated below.
Given:
 major constituent contaminants in source water;
 pool of water treatment technologies;  a number of passes, or sequential units, from a technology;  source water intake flowrate;  key parameters of source water contaminants (e.g. initial concentrations) and key parameters for treatment technologies (e.g. recoveries, saturator, pump and motor efficiencies);  candidate technologies characteristics ranges (e.g. flocculation time and energy input, coagulant concentrations, operating pressures, influent temperature, hydrophobicity, hydrogen ion concentrations, molecular weight cut-offs);  cost data (e.g. units upfront costs, chemicals and electricity charges, maintenance and replacement rates, carbon tax rate, work pay rate, interest rate and plant life);
Determine:
 process flowsheet including multiple-pass strategy;  optimal operating conditions for the selected units;  contaminants and flowrates profiles;  annual operating and capital costs;
So as to:
minimise the water production cost which equals the total annualised cost divided by the annual production rate.
Problem formulation

3.1.Performance criteria
The main performance criteria for water technologies are based on the purification standards and productivity that have to be achieved. These depend on the extent to which they reject major contaminants under specific set of conditions, and to which the product volumetric flowrate is recovered from the process.
Rejection coefficient
For any separation process, contaminant removal efficiency classifies as an essential performance criterion [49] because it guarantees a product meets its design purity specifications.
The removal efficiency of downstream water purification processes can be measured by removal, rejection, retention or deactivation coefficient as a function of the contaminants physicochemical properties (PPtic) (Eq.(1)) such as coagulant concentration, headloss, filtration media dimensions, molecular weight, hydrophobicity, feed temperature, pressure and concentration, technology characteristics, etc. [50] [51] [52] . It can take values between 0 and 1 as the former refers to no separation from a targeted contaminant and the latter refers to 100% separation achieved. 
where and are the coagulant dose and the hydrogen ion concentration for liquid in pass from technology . In the presence of organic matter, in literature this step is referred to as enhanced coagulation, which for simplification purposes, is going to be called CF in this work.
In the current model it is assumed the rejection of solids occurs at the clarification stage, i.e. sedimentation or dissolved air flotation. This means that rejection coefficients in the conventional candidates will be affected by the performance of the coagulationflocculation process. Vlaŝki [55] investigated experimentally the removal efficiency of sedimentation and dissolved air flotation depending on the operating characteristics of the typically preceding coagulation-flocculation process. If a clarification technology, CLR, is selected either SED's or DAF's rejection coefficient, ̅ , will be valid (Eq. (4)).
where is a binary variable denoting the selection of a clarification technology or not.
It has been then reported that sedimentation is strongly influenced by coagulant dose. After performing a regression analysis on the data provided, the following equation has been obtained:
where is the amount of coagulant used in the coagulation-flocculation process.
DAF, showed dependence not only on the coagulant dose but also on the detention time and velocity gradient, denoted as and , respectively, in Eq.(6). 
where designates the diametre of the media, is the load to the filtration process, is the length of the filter for MMF and pass .
The separation efficiency of TSS from water by MF is shown in Eq.6 derived from experimental work [57] .
where is the temperature of the influent to technology and pass , and is the pressure of the feed flowrate. Besides TSS, in the work is reported the separation efficiency of MF from COD, expressed in Eq.(9).
For the removal of turbidity by UF, Eq.(10) holds
where the equation has been derived from data obtained from pilot plant experimental work. It has been reported that turbidity and total suspended solids are related [58] . 
where is the molecular weight cut -off in Daltons.
The performance characteristics of nanofiltration membranes are affected by solute properties, solution pH and membrane characteristics such as pore size, hydrophobicity and surface roughness [60] . Hence, the retention of dissolved uncharged organic compounds for NF can be approximated using contaminants hydrophobicity and molecular weight cut -off. The relation has been reported in literature based on laboratory experiments [61] .
where is the common logarithm of the hydrophobicity. Eq. (14) and Eq. (15) show the retention of COD and DOC, respectively, where both coefficients depend on the membrane molecular weight cut -off and pressure [62] . Boron (B) removal is identified as one of the main issues in processes where saline water is treated, especially because its concentration in seawater, in particular, is relatively low [65] . Typical water treatment plants with source water containing boron, accommodate an RO pass at an elevated pH, where mainly removal of boron is targeted [66] . Therefore, its rejection profile is to be considered separately, with an RO unit dedicated to its removal. The regression equation (Eq. (17)) for rejection of boron by a RE4040-SH-module spiral wound RO membrane was derived based on data from literature [67] , using ANOVA analysis.
where is the alkalinity of the solution to achieve desired separation.
Recovery ratio
For any process, it is essential to meet the production quantities which depend on the productivity, or recovery, of the system. The recovery ratio is defined as the fraction of product water that has passed through the process unit from the overall feed. As a fraction,
it takes values between 0 and 1. Over a technology and pass, it can be expressed by
where and are the permeate and feed flowrates, respectively, associated with a technology and pass .
The recovery is a function of the salinity of the feed water, system pressure and scaling potential [65] . However, in this work the recoveries for every different technology are assumed to take values recommended in literature and therefore, are modelled as parameters.
Mass balance constraints
Concentration constraints
The set of equations below determines the contaminants concentration profile throughout the separation process. When a technology, , and a pass, , are selected, the binary 
, −1, = , ∀ , ∈ , > 1,
A similar formulation is implemented in previous works in applications for chromatography processes [68, 69] .
A schematic representation of the connections between two candidates is depicted in (insert Fig. 2) 
Flowrate constraints
Similarly, the flowrate constraints are formulated. When a candidate is selected, the permeate is calculated using Eq. (18) . Otherwise it takes the value of the feed. Eq. (23) gives the initial mass balances starting from initial flowrate, , and every consequent permeate is estimated from Eq.(24).
where is the recovery of a technology from pass . The clarification technology takes either the recovery value of sedimentation or the recovery value of dissolved air flotation, shown in Eq.(25).
are formulated below.
The effluent is governed by the number of passes for a particular technology. The feed and permeate flowrates are modelled to present single-stage, multiple-pass system over each pass.
The annual production rate of the facility is then modelled by Eq.(28).
where ℎ and are the respective operating hours per day and days per year. is the production yield of the facility, taking the value of a fraction of the total annual production capacity.
Target constraints
The final water purity should satisfy the conditions imposed by the following constraint:
where is the maximum allowable concentration of a contaminant. Depending on the process application, the final required concentration can take different values. An additional constraint for the minimum effluent at the final stage is enforced by Eq. (30) .
where is the minimum allowable effluent flow. This constraint allows us to ensure a minimum plant capacity is met.
Logical constraints
The overall number of the selected passes and technologies should not be greater than a number, , which is modelled by Eq.(31).
Eq. (32) is a logical condition that does not allow the selection of any pass if the previous one has not been chosen.
, +1 ≤ , ∀ , ∈ , + 1 ∈ (32)
The clarification processes, sedimentation and dissolved air flotation, have to be chosen together with the chemical treatment, coagulation-flocculation. Hence, Eq. (33) applies:
where is a big number that takes the maximum number of allowed passes per technology.
Only one of the clarification processes can be chosen at a time, a condition expressed by Eq. (34) .
The same condition as in Eq. (31) is introduced for the clarification technologies.
, +1 ≤ , ∀ , ∈ ̅ , + 1 ∈ ̅ (35)
Cost constraints
Defining water treatment costs at a preliminary stage often proves intricate due to the numerous factors participating in their estimation. Such factors are plant size, source and quality of feed water, site location and accessibility to electricity, distance from final users, qualified labour, energy costs and estimated plant life [70] . All of them come under the operating or capital costs of treatment facilities, as the majority of them are included in the cost estimates demonstrated in the subsequent subsections.
Operating costs
The operating costs in coagulation are primarily accounted for by chemical consumption. They are determined by the dosage and the price per metric tonne of product. In a case of desalination, ferric chloride is often predominating due to the more satisfactory results obtained downstream. Aluminium sulphate (alum) and ferric sulphate have exhibited more solid outcomes in water and wastewater applications, hence, the preferred types of coagulant. The annual cost for the chemical is calculated from Eq.(36).
where = 10 −6 is a conversion factor, is the number of operating days a year, ℎ is the number of operating hours a day, is the coagulant dose selected and ℎ is the cost of coagulant that alters in accordance with the type of coagulant. The dosage level mostly lies between the range of 0.5 to 100 mg/L of water as specifically it is between 10 to 30 mg/L for alum [18, 71] .
The electricity cost for the slow mixing in the flocculant tank, is given by Eq.(37).
where = 16.67 • 10 −6 is conversion factor for the electrical mixing equation. In
Eq. (37), µ is the dynamic viscosity of the fluid and is the electricity charge, and the power required is calculated for an accumulative number of chambers.
The technical and economic performance of DAF depends mainly on its recirculation ratio and saturator. The former is disregarded in this study and operating cost of the saturator, , is calculated by:
where = 3.6 −1 is the conversion factor for the equation, is the efficiency of the saturator, ̅ is the saturator pressure, assumed to be the pressure supplied by the pump and is the electricity cost rate.
The greatest contribution to the operating costs is derived from electricity, and more specifically, electricity for flowrates distribution and achieving separation pressure.
Hence, the feed pumps are the main electricity consumers and their costs, denoted as , are expressed in the following equation.
−1 is a conversion factor for the pumping cost equation. No pumps are assigned to the clarification processes in order to avoid breaking the flocs formed in CF.
The maintenance and replacement costs are also estimated by the number of passes.
where is an annualisation factor accounting for 2 times of major cleaning and maintenance in a year, is the operating cost charge rate during maintenance, is the number of modules in a unit, is the fixed cost for downtime and is the variable cost during maintenance.
where is an annualisation factor allowing membrane life of 5 years, i.e. = 0.2 and is the membrane replacing cost per module.
The labour cost, , is the second largest expense in a manufacturing facility.
Operators working hours requirements can be determined by examining the equipment For more than four decades, the EPA has used its authority to set cost-effective emission standards that ensure newly constructed sources use the best performing technologies to limit emissions of harmful air pollutants [74] . Owners or operators of facilities where aggregate annual greenhouse gas (GHG) emissions are equal to or more than 25,000 metric tonnes of CO2e must report to EPA under the Clean Air Act. Presently, EPA is not planning on requiring permits for sources that emit less than a 50,000 metric ton threshold until sometime after April 30, 2016 [75] . According to the same literature sources, although there is a continuous encouragement towards fewer emissions, there is no existing limit or taxes if limits are exceeded. With the view that policies of emissions tax will soon come to practice, the plant design can account for carbon taxes. They are calculated from Eq. (44) where the largest component for the emissions is the power consumed.
where = 3.6 −1 accounts for the conversion factor for the carbon emission equation, 2 is the carbon dioxide equivalent and 2 is the carbon dioxide tax rate.
Compared to pumping, the mixing footprint is relatively negligible, hence, not considered in the above constraints.
Capital costs
Capital costs for every plant are comprised of four major components, namely, project development, plant equipment and buildings, power supply, and piping and pumps [76] .
In membrane plants especially, the equipment will include membrane elements, pressure vessels and passes. Despite the availability of tools for estimating capital cost, the assumptions in deriving those tools have not been clearly stated. When capital costs are estimated, inflation and other market factors should be taken into account in order to update existing cost models [77] .
Adham, S. et al [78] , sponsored by the U.S. Environmental Protection Agency (EPA) and AWWA Research Foundation, published correlations for the total construction costs of coagulation -flocculation. The European Commission issued a report on best available techniques in water treatment with construction costs for sedimentation [79] . Wang L.K.
et al, [80] reported DAF construction costs for a specified volume. EPA published investment cost equations for production flow ranges [81] . The cost estimation for lowpressure membranes plants, such as MF and UF, was expressed as the cost per unit produced water [82] . In an industrial study for high pressure membranes, a breakdown for the various capital cost components has been shown for different capacities [83] . All the equations can be combined under the common form below.
where is inflation factor depending on the year of estimation, and are specific parameters for every technology. In all the cases, the parameter was estimated from the reference capital cost and equipment capacities stated in literature. The capital cost for the clarification technologies is calculated from the expression below.
The capital cost summed and multiplied by the capital recovery factor (CRF) to obtain the total annual capital cost, , is given in Eq.(47).
as the CRF is expressed in Eq.(48).
where is the bank interest rate and is the number of years for investment which often coincides with the plant life.
Total cost
The total annual cost, , is a sum of the chemical , mixing , saturator and pumps running costs, membrane cleaning costs , membrane replacement costs , labour cost , emissions cost and the annual capital costs for all the selected technologies.
Objective function
The objective function is to minimise the water net cost, , which equals to the total annual cost divided by the annual plant production rate:
which is subject to:  total annual cost Eq. (49) Along with minimising the major capital investment and the annualised operating cost with the objective function, it is aimed to minimise the number of passes for achieving maximum final water purity, and increase the production rate of the facility. The applicability of the proposed method is manifested through two case studies discussed in the next section.
Case studies and computational results
Seawater desalination
Abundance grants seawater the opportunity to be a major solution to water scarcity.
Thus, the first case study in the present work focuses on seawater desalination for the production of potable water.
Given data
For the case study the influent, = 55,000 3 /ℎ, as to agree with existing practices. The minimum allowable effluent = 5,000 3 /ℎ, resulting in a minimum 120,000 3 / , i.e. medium-to-large size, facility [84] . For the influent and effluent, it is essential to determine the initial contaminants concentration in seawater and the final requirements for drinking water. The American Water Works Association [83] reported typical seawater intake qualities in the range 30,000 − 40,000 / TDS. [9, 67, 85] The selection of the technologies is based on meeting the health regulatory requirements for potable water [47, 48] . The World Health Organization [86] reported drinking water of good quality contains less than ca. 600 mg/L TDS. Although, no explicit limits exist in the Drinking Water Quality Guideline regarding TSS, they can be correlated to turbidity, which should not exceed 1 NTU, and in many cases 0.5 NTU [58] . Thus, the final purity specification used in the model is less than 1 mg/L TSS. The World Health Organization revised the maximum allowable concentration of boron in drinking water from 0.5 mg/L in 2003 to 2.4 mg/L and the latter value is the final purity requirement in the model. The initial and final water characteristics are listed in Table 1 .
The operating condition boundaries are determined next. Literature suggests recoveries for MF and UF systems between 85% and 95% which reach 100% depending on the flow configuration [89] . In the current case study, the recoveries of the low pressure membranes are modelled with the assumption of a full flow recovery. Typical system recoveries for NF membranes take values between 75% and 90% whereas they vary from 35% to 50% for RO systems [36, 90] . Based on reported values, recoveries of 80% for NF and 40% for RO are adopted in the model.
In his experimental work, Vlaŝki [55] Table 2 . 1 -30
7.5 -9.5 Source: [18, 36, 55, 56, 87, 88] It is assumed that cleaning or replacement takes place simultaneously for all passes, there are no pressure losses from pump to membrane, every pass contains the same number of membrane modules, = 2000, cleaning is performed every 6 months, replacement is recommended every 5 years, and the annual operation is 300 days a year (Table 3) . The electricity charge, , has a value of 0.08 $/kWh to accommodate any future increments from the U.S Energy Information Administration [91] review and to consider literature values [36] . [36, 92, 93] To consider updating of the capital costs, the plant location has to be determined.
Assuming the facility to be built in the U.S., the inflation for the capital costs from the reference year of citation has been considered. The inflation rates are reported in Table 4 [94]. The term of bank loan was taken as yr = 30 years, the interest rate was assumed to be ir = 6%, and the plant was considered to produce 95% of its design annual yield based on standard practices [95] . The rest of the design parameters are given in Table 3 and   Table 4 . Whenever values in literature could not be found, assumptions and approximations were used in accordance with practical cases. Finally, the carbon emissions have been calculated assuming no carbon taxation. 
Results and discussion
The model was solved in GAMS 24. 
Flowsheet configuration
The optimal sequence of process units comprised three ultrafiltration passes that serve as a pretreatment system to the desalting section. Two nanofiltration and one reverse osmosis passes were chosen, the former for the TDS removal and the second one for the boron removal (Fig. 3) .
(include Fig.3) Table 5 summarises the operating conditions returned by ANTIGONE. The predominant results lie in the lower bounds of the variables, showing the constraints are active. On the other hand, lower power translates into lower costs. It is also worth mentioning that some of the technological characteristics, such as molecular weight cutoff, hydrophobicity and pH, do not influence the operating costs directly. This might result in observing differences in the final purities, when there is a nanofiltration and reverse osmosis selected, while the water net cost will remain the same with various nonlinear solvers or few runs with one solver. The reason for this observation lies in the exclusion of chemicals costs for altering the alkalinity of the feed and also, in the assumption of no fouling occurring, where cleaning cycles and replacement can be predicted by the pore size of the membranes. Table 5 . Operating conditions for seawater case study
Operating conditions
Operating conditions Range
8.0
4.1.2.3.Cost
The largest contributor to the operating costs was the electricity, followed by the labour cost, representing 21% of the operating costs. The cleaning and replacement costs were relatively insignificant due to the fixation of the number of membrane modules, no cleaning chemicals costing and assumption of activities repetitiveness.
In 2012 IWA published a book dedicating a chapter on seawater desalination where the water net cost lay between US$0.5/m 3 and US$3.0/m 3 , depending on the capacity of the facility [97] . The optimal solution returned by ANTIGONE was Selecting more passes of the same technology leads to economically more favourable flowsheets. In the studied case, the difference in price is due to the coagulant cost for the CF unit and its capital cost. The flowsheet in Fig. 5 differs from the optimal solution, presented in the previous subsections, by the RO pass for TDS removal.
Pumping cost is, thus, the major contributor to the difference in price between the two. (Fig. 6 ). The water cost increases with TSS because of the need for higher number of passes or more efficient and expensive technology choices. As Eq. (8) and Eq. (10) suggest, for separation of higher TSS concentration, more units and with higher pressure will be selected. Therefore, the increase in price stems from the electricity cost for pumping.
(insert Fig.6) 
Sensitivity analysis of carbon emissions
The designed facility would annually emit greenhouse gases at the rate 634,040 tonnes/year, 49% less than the desalination plant in Sydney, for instance, while exceeding its production by 33% [92] . 
Tertiary wastewater treatment
Water reclamation and advanced water treatment have recently faced significant enhancement due to membrane improvement. Thus, the second case study focuses on tertiary wastewater treatment for the production of potable water.
Given data
It is assumed that wastewater, with the characteristics listed in Table 6 , enters the purification system. [9, 18, 100 -104] The main characteristics of wastewater impose taking into account the organic matter, such as COD and DOC, in the case study. The initial secondary effluent concentrations were decided based on similar values in literature [101 -103] . No standards have been mentioned for the maximum contaminant level (MCL) by the World Health Organisation.
However, a number of sources declare < 5mg/L for COD and roughly < 2 mg/L for DOC drinking water quality at neutral pH [103, 104] . Boron is an issue specifically for seawaters, therefore, in this case study, it was assumed its influent concentration equals to the required concentration of boron in drinking water. As the total dissolved solids concentration is significantly lower, the reverse osmosis systems will work with higher recoveries. For the case study, a value of 0.6 was assumed.
According to the application, aluminium sulphate (alum) coagulant is used. Its dosage is reported to be in the standard range of 10 to 30 mg/L for treatment of suspended solids [18] . Organics necessitate a higher dose, hence, up to 50 mg/L dose was allowed as performed in experiments [105] . The price of alum can be found at approximately US$150/tonne [106] . Additionally, viscosity value of 1.002 kg/m·s at ambient temperature was taken.
The rest of the data overlaps with the given data from Section 4.1.1.
Results and discussion
For the second case study with 715 constraints and 730 continuous variables, it took ANTIGONE 204.18 seconds to return a solution, with an optimality gap 0.
Flowsheet configuration
The advanced wastewater treatment flowsheet consisted of one coagulationflocculation process unit, followed by a sedimentation step. Two nanofiltration units were allocated for the removal of the organic matter and the total dissolved solids. This flowsheet configuration is common for water and advanced wastewater treatment. A schematic of the optimal flowsheet is given in Fig. 8. (insert Fig.8) 
Operating conditions
The operating conditions from the advanced wastewater treatment case study are reported in Table 7 . Unlike in the previous case study, here, some of the operating conditions have inactive boundaries, such as coagulant dosage. Consequently, the computational time increased. [110] . DAF is more energy intensive than SED and when the total suspended solids are high, the process is economically unfavourable. On the other hand, the processes are efficient for intense removal of TSS without the concerns about equipment fouling. With the assumption of no need for removing boron, the reverse osmosis becomes redundant. The choice of equipment pre-determines the operating costs of the systems.
(insert Fig.9 )
In Fig. 9 the breakdown costs per volume for both applications are presented.
Seawater desalination demonstrates approximately ten times higher electricity cost because of the pumping requirements in overcoming osmotic pressure of saline water.
When the TSS is high, coagulants that treat the water are significantly less expensive while their dosage rises less than double at maximum. Therefore, CF becomes economically advantageous but accounts for the extra chemical cost. The labour cost per volume of water is significantly higher in seawater desalination due to the extra pass and lower production rate. The capital costs of the two case studies fall in the same order of magnitude, as the two flowsheets have six and four process units, respectively. Future refinements of the mathematical model can lead to a more accurate representation of the physico-chemical system of water treatment.
Conclusions
In this work a systematic approach for the design and optimisation of water treatment processes was proposed. The problem was formulated as a mixed integer non-linear program model. The objective function minimises the water production cost manipulated by the techno-economic performance of the technologies selected. Two case studies were presented with two applications, on seawater desalination and advanced wastewater treatment. The computational results demonstrated an alignment with existing water engineering technical and economic practices which proved the applicability of the proposed approach and model. Current limitations of the model involve data retrieval and assumptions for its development. Therefore, further work will be able to refine the obtained results, enlarge the technological scope of the project, and enable the model to mimic more accurately the design of water treatment processes.
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